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Abstract 

Hyperglycaemia and insulin resistance are associated with the increased risk of the metabolic syndrome and other severe health problems. The insulin- 
sensitive GLUT4 regulates glucose homoeostasis in slieletal muscle and adipose tissue. In this study, we investigated whether cacao liquor procyanidin 
(CLPr) extract, which contains epicatechin, catechin and other procyanidins, improves glucose tolerance by promoting GLUT4 translocation and enhances 
glucose uptal^e in muscle cells. Our results demonstrated that CLPr increased glucose uptaite in a dose-dependent manner and promoted GLUT4 
translocation to the plasma membrane of L6 myotubes. Oral administration of a single dose of CLPr suppressed the hyperglycaemic response after 
carbohydrate ingestion, which was accompanied by enhanced GLUT4 translocation in ICR mice. These effects of CLPr were independent of a-glucosidase 
inhibition in the small intestine. CLPr also promoted GLUT4 translocation in sl^eletal muscle of C57BL/6 mice fed a CLPr-supplemented diet for 7 d. 
These results indicate that CLPr is a beneficial food material for improvement of glucose tolerance by promoting GLUT4 translocation to the plasma 
membrane of slceletal muscle. 
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Many countries are experiencing a rapid increase in the num- 
ber of patients witti diabetes meUitus, and t}fpe 2 diabetes mel- 
litus in particular is a major health problem worldwide. The 
pathogenesis of tjfpe 2 diabetes meUitus involves progressive 
development of insulin resistance in peripheral tissues, com- 
bined with an insufficient pancreatic insuUn secretion. It is 
also associated with inadequate suppression of glucagon 
secretion in response to ingested glucose, leading to overt 
hyperglycaemia^'-*. InsuUn resistance, which is usually defined 
as an inadequate biological response of glucose metabolism 
to high insulin concentrations^^', is associated with increased 
risk of CVD'-'^''^-' and diabetes^^'. Although several studies 
have attempted to improve insulin sensitivit}' in subjects with 
impaired glucose tolerance by pharmacological approaches, 
as well as appropriate lifestyle and dietary modifications '■^^^ 



the success of these approaches has been limited in terms of 
normalisation of blood glucose levels, and novel approaches 
are stiU needed. 

Epidemiological evidence and several cHnical studies have 
demonstrated that foods rich in polyphenols, including fruits, 
vegetables, red wine, tea and cocoa, possess a wide range of 
health-promoting activities and may reduce the risk of 
CVD^'''^"-', diabetes^'^'^^'' and hyperglycaemia'-'''''*-', for 
example. It was also reported that some poljiphenols can nor- 
malise blood glucose levels'-' Inhibition of a-glucosidase and 
other carbohydrate digestive enzymes is an established target 
of polyphenols for maintaining blood glucose levels. 
However, recent reports have focused on insuUn-sensitive 
GLUT4 as a novel target of pol^'phenols '•''-'. GLUT4 is 
expressed in adipose tissue, skeletal muscle and cardiac 
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muscle. Of these, skeletal muscle is one of a particularly thera- 
peutic target for hjiperglycaemia, because skeletal muscle 
accounts for approximately 80 % of insulin-stimulated glucose 
uptake in the postprandial state and plays a vital role in main- 
taining glucose homoeostasis''^''. 

Translocation of GLUT4 from the intracellular pool to the 
plasma membrane in skeletal muscle is induced by insulin- 
dependent and insuKn-independent mechanisms and is fol- 
lowed by glucose uptake and incorporation into the cells. 
Insulin promotes GLUT4 translocation via a phosphatidyl- 
inositol 3-kinase-dependent mechanism, whereas exercise 
and contraction promotes insuUn-independent translocation 
of GLUT4 by activating AMP-activated protein kinase 
(AMPK)^^^'. Resveratrol, a phytoalexin present in the skin of 
grapes and red wine, stimulates glucose uptake and transloca- 
tion of GLUT4 in cultured L6 myotubes by activating both 
insulin- and AMPK-dependent signalling pathways''^ 
However, we previously reported that (— )-epigallocatechin- 
3-gaIlate promotes GLUT4 translocation in skeletal muscle 
of rodents in vivo and in L6 myotubes in vitro by a mechanism 
that is at least partiy independent of insuHn'^'-'. 
(— )-EpigaUocatechin-3-gallate was reported to increase 
AMPK phosphorylation*-^"', indicating that the 
AMPK-dependent signalling pathway at least partiy contrib- 
utes to (— )-epigallocatechin-3-gallate -stimulated GLUT4 
translocation. Moreover, intake of green and black tea retained 
a decrease in the GLUT4 and insulin receptor expression 
levels of in high-fat diet-fed C57BL/ 6 mice*-^''^^'. These results 
indicate that pol^'phenols have potential to increase transloca- 
tion and/or expression of GLUT4 in peripheral tissues, 
including skeletal muscle, which explains their prevention of 
hyperglycaemia and insulin resistance. 

Cacao liquor procyanidin (CLPr), extracted from cacao liquor, 
an ingredient of chocolate and cocoa, is rich in polj'phenols'^"'^^'^'' 
such as monomeric epicatechtn and catechin, and oUgomeric 
procyanidins^^''^'. These polyphenols have potent antioxidant 
activities in vitnP'''^'^'^ . Grassi et alF''^'^^^ reported that the con- 
sumption of dark chocolate increased insulin sensitivitjr in 
healthy subjects''^^' and hypertensive patients''^^''^'^'''. Tomaru 
et alP^^ reported that dietary supplementation with CLPr pre- 
vents the development of hj'perglycaemia in dh/dh mice. 
However, the physiological and molecular mechanism by 
which CLPr improves glucose tolerance is not yet fiiUy under- 
stood. Therefore, in the present study, we investigated whether 
CLPr promotes GLUT4 translocation and increases glucose 
uptake in skeletal muscle cells in vivo and in vitro. 

Materials and methods 

Materials 

CLPr was prepared from cacao liquor as previously 
described''^'"''^-'. Poljfphenol composition of CLPr was quantified 
by HPLC and liquid chromatography— MS, as detailed pre- 
viously'''^^^''''^''. The amounts of individual procyanidins are rep- 
resented as epicatechin equivalents. The total amount of 
polyphenol was measured by the Prussian Blue method''"''''. 
The composition of poljrphenols in CLPr is shown in Table 1 . 



Table 1. Polyphenol composition of cacao liquor extract (CLPr)* 



Composition % (w/w) 



Catechin 4-28 

Epicatechin+ 6-12 

Procyanidin 62+ 3-60 

Procyanidin 65+ 0-75 

Procyanidin C1+ 2-28 

Cinnamtannin A2+ 1 01 

Total polyphenol* 69-8 



'The polyphenol composition was quantified by HPLC and liquid chromatography- 
MS, as previously described previously'"'. 

+The amounts of procyanidins in the extract are given as epicatechin equivalents'"*'. 
*The total amount of polyphenol was measured by the Prussian Blue method''''. 

Glucose was measured using a commercially available kit 
(Labassay^'^ Glucose Wako kit, Wako Pure Chemical 
hidustries. Ltd). The radiolabelled glucose analogue 2-['H] 
deoxy-D-glucose was purchased from American Radiolabeled 
Chemicals Inc. Insulin concentrations were measured using an 
insulin assay kit from Shibayagi Co. Dulbecco's modified 
Eagle's medium, penicillin G and rat intestinal acetone powder 
were from Sigma— Aldrich. Fetal bovine serum and streptomycin 
were from BioWest S.A.S. and MP Biomedicals Inc., respect- 
ively. Bovine serum albumin (fatty acid and insulin free) and 
polj'vinyUdene difluoride membranes were from Nacalai 
Tesque Inc. and Pall Co., respectively. Anti-GLUTl, 
anti-GLUT4, anti-P-actin and horseradish peroxidase- 
conjugated anti-goat and anti-mouse IgG antibodies were pur- 
chased from Santa Cruz Biotechnology Inc. AH other reagents 
used were of the highest grade available from commercial 
sources. 

Cell culture and treatment with cacao liquor procyanidin 

L6 myoblasts (passage 27—37) were maintained in Dulbecco's 
modified Eagle's medium supplemented with 10 % (w/v) 
fetal bovine serum, penicillin G (100 units /ml), and streptomy- 
cin (100 |j,g/ml) at 37°C under a humidified atmosphere of 5 '/o 
CO2. The L6 myoblasts were seeded on twenty-four-weU plates 
or 60-mm dishes and grown to a semi-confluent state. After 2 d, 
the medium was replaced with Dulbecco's modified Eagle's 
medium containing 2 % fetal bovine serum. The myoblasts 
were cultured for a further 5 d, and the medium was replaced 
ever)' 2 d. Myotubes were incubated in serum-free Dulbecco's 
modified Eagle's medium containing 0-2 % (w/v) bovine 
serum albumin for 1 8 h, and then treated with CLPr solution 
or dimethylsulfoxide (DMSO) as a vehicle control. CLPr, 
which was prepared by dissolving 250 mg/ ml CLPr in 
DMSO, was added to the cells at the indicated concentrations. 

Measurement of glucose uptake activity 

The differentiated L6 myotubes on twentj'-four-weU plates 
were incubated with 300 |j,l of Krebs-Ringer-HEPES buffer 
(50 mmol/1 HEPES, pH 7-4, 137 mmol/1 NaCl, 4-8 mmol/1 
KCl, 1-85 mmol/1 CaCla, and 1-3 mmol/1 MgS04) at 37°C 
and treated with CLPr (0-05-10 |J,g/ml) or insulin (100 
nmol/1) for 15 min. Then, the cells were incubated with 6-5 
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mmol/l 2-[^H]deoxy-D-glucose (18 kBq/well) for a further 5 
min. Next, the cells were washed five times with ice-cold 
Krebs-Ringer-HEPES buffer and solubUised in 0-05 mol/1 
NaOH. The radioactivity of 2-[^H]deoxy-D-glucose incorpor- 
ated into the cells was measured by a liquid scintillation 
counter with a scintillation cocktail. Non-specific 2-[ H] 
deoxy-D-glucose uptake was determined by treating cells 
with 20 ^mol/l cytochalasin B before adding CLPr. 



Cytotoxicity 

The cytotoxicity of CLPr was determined by crj'stalviolet stain- 
ing, following the treatment of L6 myotubes on twent)'-four- 
weU plate with DMSO or CLPr (0-1-100 mg/ml) in 0-2% 
(w/v) bovine serum albumin/minimum essential medium 
for 15 min. Then, the cell were fixed and stained with 2 % 
ethanol containing 0-2 % (w/v) Crystal Violet for 10 min. 
The wells were washed three times with tap water, and the 
stained cells were extracted with 50 % ethanol containing 
0-5 % w/v SDS. The absorbance at 570 nm with a reference 
wavelength of 630 nm was measured using the WaUac 1420 
ARVOsx. 



Preparation of the plasma membrane and whole 
protein fractions 

The plasma membrane fraction was prepared from 
CLPr-treated myotubes as previously described'''^'''' to investi- 
gate whether CLPr stimulates GLUT4 translocation from 
intracellular storage vesicles to the plasma membrane. 
Briefly, myotubes were treated with CLPr (1—10 (ig/ml), insu- 
lin (lOOnmol/1) or DMSO as a vehicle control for 15 min, 
washed twice with ice-cold Krebs-ringer-HEPES buffer, hom- 
ogenised in buffer A (50 mmol/l Tris, pH 8-0, 0-1 % (v/v) 
Nonidet P-40, 0-5 mmol/l dithiothreitol (DTT), protease 
inhibitors (1 mmol/l phenyknethylsulfonyl fluoride, 5 |J.g/ ml 
leupeptin and 5 |lg/ ml aprotinin) and phosphatase inhibitors 
(10 mmol/l NaF and 1 mmol/l Na3V04)) using a hand-held 
microtube homogeniser, and passed through a 
twenty-seven-gauge syringe needle five times. Part of the hom- 
ogenate was mixed with radio immunoprecipitation assay 
(RIP A) buffer (10 mmol/l Tris, pH 8-0, 150 mmol/l sodium 
chloride, 0-5% (w/v) sodium deoxycholate, OT % (w/v) 
SDS, 1 % (v/v) Nonidet P-40 and 0-5 mmol/l DTT) contain- 
ing the same protease and phosphatase inhibitors and incu- 
bated on ice for 60 min with occasional mixing. The 
supernatant obtained after centrifugation at 16 000 g for 20 
min at 4°C was referred to as the cell lysate. The remainder 
of the homogenate was centrifuged at 900 g for 10 min at 
4°C. The resulting pellet was suspended in buffer A and cen- 
trifiiged under the same conditions. The precipitate was resus- 
pended in buffer A containing 1 % (v/v) Nonidet P-40 and 
the same protease and phosphatase inhibitors, incubated on 
ice for 60 min with occasional mixing, and centrifuged at 16 
000 g for 20 min at 4°C. The resulting supernatant was used 
as the plasma membrane. 



Animals and administration of cacao liquor procyanidin 

AH animal experiments were approved by the Institutional 
Animal Care and Use Committee (Permission No. 21-07-02) 
and carried out according to the guidelines for animal exper- 
iments at Kobe University. Male ICR and C57BL/6 mice 
(4 weeks old) were obtained from Japan SLC Inc. and main- 
tained in a temperature-controlled room (23 + 2°C) with a 
12 h light-12 h dark cycle (lights on at 09.00 hours). The 
ICR mice were acclimatised for 7 d with free access to a com- 
mercial standard mouse diet consisting of 76 % carbohydrate, 
15 % protein and 9 % fat (3-850 kcal/g diet; Research Diets) 
and tap water. These ICR mice were used for the following 
oral carbohydrate loading test. 

To examine the effects of consecutive administration of 
CLPr on GLUT4 translocation, male C57BL/6 mice 
(4 weeks old) were used after acclimatisation for 7 d with 
free access to a commercial chow and tap water. The mice 
were randomly divided into three groups of four mice and 
given a diet containing 0, 0-5 or 1 % (w/w) CLPr. After 7 d 
of feeding, the mice were killed under anesthesia induced by 
an intraperitoneal injection of sodium pentobarbital. Blood 
samples were collected after cardiac puncture and placed in 
heparinised microcentrifuge tubes to prepare plasma by cen- 
trifugation at 9600 g for 10 min at 4°C. The plasma samples 
were used to measure glucose level. The hindlimb soleus 
muscle was excised, chopped into small pieces and homogen- 
ised in 10 volumes of buffer A. The plasma membrane was 
prepared for Western blotting analysis as previously 
described''^'''. 



Oral carbohydrate loading test 

In Experiment 1, CLPr (50 or 250 mg/kg body weight) or 
water alone (5 ml/kg body weight) was orally administered 
to ICR mice after an 18 h fast. After the 60 min administration 
of CLPr, the mice in each group were orally given 1 g/kg body 
weight of soluble starch, maltose, sucrose or glucose. Tail vein 
blood samples were collected in heparinised tubes at 0 (before 
administration), 15, 30, 60 and 120 min after the carbohydrate 
load and centrifuged at 9600 g for 10 min at 4°C to prepare 
plasma. 

In Experiment 2, mice were given an oral dose of CLPr in 
water (250 mg/kg body weight (C)) or water alone (5 ml/kg 
body weight (W)) after an 18 h fast. Then, the mice in each 
group were subdivided into two groups of four mice. One 
group was orally administered with glucose (1 g/kg body wt 
(G)), while the other received water alone (5 ml/kg body wt 
(W)). Thus, the mice used in Experiment 2 were divided 
into four groups designated CLPr-water, CLPr-glucose, 
water— water and water— glucose. The mice were killed 30 min 
after the glucose or water administration under anaesthesia 
induced by an intraperitoneal injection of sodium pentobarbi- 
tal. Plasma samples were prepared from blood and used to 
measure the glucose and insulin levels. The plasma membrane 
of the soleus muscle was prepared and used for Western 
blottingf^''^ 



Western blotting 
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Proteins in the plasma membrane and cell lysate fractions 
of myotubes and soleus muscles were separated by 
SDS-polyacrylamide gels and transferred to polyvinyUdene 
difluoride membranes. After blocking with commercial 
Blocking one solution (Nacalai Tesque), the membranes 
were incubated with the specified primary antibodies overnight 
at 4°C, followed by the corresponding horseradish peroxidase- 
conjugated secondary antibody for 1 h at room temperature. 
The proteins bands were visualised using ImmunoStar® LD 
(Wako) and detected with a Ught-Capture II (ATTO Corp.). 



Measurement of a-glucosidase activity in the small intestine 

cx-Glucosidase activity was measured in the small intestine of 
mice treated with 50 or 250 mg/kg body weight CLPr after 
an 18 h fast. Control mice were given water alone (5 ml/kg 
body weight). The mice were killed 60 min after CLPr or 
water administration under sodium pentobarbital anaesthesia, 
and the small intestine between the duodenum and the caecum 
was removed. The small intestine was opened longitudinally 
with scissors and washed twice with 1-15% (w/v) ice-cold 
KCl solution. The intestinal mucosa was removed by scraping 
with a glass slide. The mucosal scrapings were homogenised 
with three volumes of IT5 % KCl solution on ice. The hom- 
ogenate was centrifuged at lOOOg for 10 min at 4°C, and the 
resultant supernatant was collected and used to measure mal- 
tase and sucrase— isomaltase activities. The reaction mixture 
consisted of 100 mmol/1 maltose or sucrose as a substrate 
in 56 mmol/1 maleate buffer (pH 6-0). The reaction was 
initiated by adding 100 or 250 |j,g protein/|il homogenate, 
respectively. After incubation at 37°C for 0, 20, 40, 60 and 
120 min, the reaction was terminated by heating the mixture 
in boiling water for 10 min, and then placed on ice for 10 
min. After centrifugation at 1000 g for 10 min, the glucose 
concentration in the supernatant was measured. After the lin- 
ear regression of the glucose formation from the substrates 
was confirmed, the enzymatic activity was determined by the 
slope of the linear line and represented as nmol glucose 
released/min per mg protein. 

To estimate the inhibitory effect of CLPr on a-glucosidase 
in vitro, the acetone powder of rat intestine (Sigma) was used 
as the enzyme source of a-glucosidase. A total of 50 mg of 
the acetone powder was homogenised in 10 ml of 56 mmol/1 
ice-cold maleate buffer (pH 6-0) and centrifuged at 10 000 g 
at 4°C for 30 min. The resulting supernatant was used as 
the crude enzyme solution. Then, 100 ^il of the supernatant 
was pre-incubated with 900 |a.l of 56 mmol/1 maleate buffer 
containing 0-01, 0-03, 0-06, 0-1 or 0-15 % CLPr (final concen- 
tration) at 37°C for 10 min. The reaction was initiated by add- 
ing 1 - 0 ml of 2 % (w/ v) maltose or sucrose solution in maleate 
buffer. After incubation at 37°C for 0, 60 and 120 min, the 
reaction was terminated, and the glucose concentration in 
the reaction mixture was measured. The enzymatic activity 
was determined as described above. 
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Fig. 1. Effects of cacao liquor procyanidin (CLPr) on giucose uptai<e in L6 
myotubes. Glucose uptal<e was measured in serum-starved L6 myotubes trea- 
ted with 0 05-10 pg/ml CLPr for 15 min. Some cells were treated with DMSO 
or 100 nmol/l insulin as negative and positive controls, respectively. Values are 
means, with standard errors represented by vertical bars. * Mean value was 
significantly different from that of the control group (P<0 05; Dunnetts test). 



Statistical analysis 

Data are presented as means with their standard errors. The stat- 
istical significance of differences among groups was determined 
using the Dunnett multiple comparison test (Figs. 1 and 5), or 
the Tukey— Kramer multiple comparison test (Figs. 2-4 and 
Tables 2 and 3) with the level of significance set at P< 0-05. 



Results 

Effects of cacao liquor procyanidin on glucose uptake and 
GLUT4 translocation in L6 myotubes 

We first investigated the effects of CLPr on glucose uptake in 
L6 myotubes, since CLPr contains pol^'phenols, such as cate- 
chins and epicatechin (Table 1), which are known to modulate 
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Fig. 2. Effects of cacao liquor procyanidin (CLPr) on GLUT4 translocation in 
L6 myotubes. Serum-starved L6 myotubes were treated with 1, 5 or 10 jjg/ 
ml CLPr for 15 min, or with dimethylsulfoxide (DMSO) or 100 nmol/l Insulin 
as negative and positive controls, respectively. The abundance of GLUT4 
and GLUT1 protein In the plasma membrane of L6 myotubes (A) and 
GLUT4 and |3-actin proteins in cell lysate (B) was determined by Western blot- 
ting. Each panel shows representative data from triplicate experiments. The 
density of each band was analysed and normalised to that of p-actin for the 
cell lysate or GLUT1 for the plasma membrane. Values are means, with stan- 
dard errors represented by vertical bars (n S)."''" Mean values with unlike 
letters were significantly different (P<0 05; Tukey-Kramer multiple compari- 
son test). 
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Fig. 3. Effects of cacao liquor procyanidin (CLPr) on GLUT4 transiocation in 
sl<eietai muscle and plasma glucose and insulin levels in mice following a glu- 
cose load. CLPr (250 mg/kg body weight; C) or water alone (5 ml/kg body 
weight; W) were orally administered to ICR mice. Mice in each group were 
then subdivided into two groups and given glucose (1 g/kg body weight; G) 
or water (5 ml/kg body weight; W). CW, CLPr-water; CG, CLPr-glucose; 
WW, water-water; WG, water-glucose. Skeletal muscle tissue (soleus) was 
removed 30 min after the glucose load. The abundance of GLUT4 and 
GLUT1 proteins in the plasma membrane of the muscle (A) and GLUT4 and 
p-actin proteins in the tissue lysate (B) was determined by Western blotting. 
Each panel shows representative data from four mice. The density of each 
band was analysed and normalised to that of p-actin for the tissue lysate or 
GLUT1 for the plasma membrane. (C, D) Plasma glucose (C) and insulin 
(D) levels. Values are means, with standard errors represented by vertical 
bars (n 4)."'' Mean values with unlike letters were significantly different (P< 
0 05; Tukey-Kramer multiple comparison test). 
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Fig. 4. Effects of 7 d of cacao liquor procyanidin (CLPr) administration on 
GLUT4 translocation in skeletal muscle and plasma glucose level. C57BL76 
mice were given a diet containing 0, 0.5 or 1 % (w/w) CLPr for 7-d, after 
which skeletal muscle was dissected. The abundance of GLUT4 and 
GLUT1 proteins in the plasma membrane of skeletal muscle (A) and GLUT4 
and |i-actin proteins in the tissue lysate (B) was determined by Western blot- 
ting. Each panel shows representative data from four mice. The density of 
each band was analysed and normalised to that of p-actin for the tissue lysate 
or GLUT1 for the plasma membrane. (C) Plasma glucose levels. Values are 
means, with standard errors represented by vertical bars (n 4).^''' Mean values 
with unlike letters were significantly different (P< 0 05; Tukey-Kramer multiple 
comparison test). 



glucose uptake in L6 myotubes . When L6 myotubes were 
treated with 100 nmol/1 insulin for 15 min, glucose uptake 
increased by approximately 1-4-fold compared with the 
DJMSO-treated negative control (Fig. 1). In the absence of 
insulin, CLPr increased glucose uptake in a dose-dependent 
manner except for 10 |a,g/ml. The maximum effect was 
observed at a CLPr dose of 5 \xg/ ml, which elicited a response 
similar to 100 nmol/1 insulin. Therefore, the following exper- 
iments were carried out using 1, 5 and 10 (J.g/ml CLPr. 

As would be expected, 100 nmol/1 insulin significandy (P = 
0-011) enhanced GLUT4 translocation in L6 myotubes from 
the intracellular storage vesicles to the plasma membrane 
as compared with DMSO-treated control cells (Fig. 2(A)). 
In the absence of insulin, 5 and 10 |J.g/ml CLPr significandy 
(P= 0-023 and P = 0-043, respectively) stimulated GLUT4 
translocation to the plasma membrane. In contrast, the abun- 
dance of GLUTl in the plasma membrane was unchanged. 
JMoreover, CLPr did not affect the expression of GLUT4 in 
the cell lysate (Fig. 2(B)). These results indicate that CLPr 
stimulates GLUT4 translocation to the plasma membrane, 
and thus enhances glucose uptake capacitjr in muscle cells. 
In addition, CLPr did not show any cytotoxic effects by 
100 ng/ml (data not shown). 



Effect of a single oral administration of cacao liquor 
procyanidin on GLUT4 translocation and plasma 
glucose and insulin levels 

Next, we investigated the effect of single oral administration of 
CLPr on GLUT4 translocation in the soleus muscle of ICR 
mice after a glucose load. As shown in Fig. 3(A), GLUT4 
translocation in the water— glucose group was increased by 
approximately 1-4- fold compared with the water— water 
group. Interestingly, CLPr alone (CLPr-water group) stimu- 
lated GLUT4 translocation without a glucose load; GLUT4 
translocation in the CLPr-water group was approximately 
2-9-fold higher than that in the water— water group. 
Moreover, CLPr showed additive effects with glucose because 
GLUT4 translocation in the CLPr-glucose group was approxi- 
mately 3-9-fold higher when compared with the water— water 
group. In contrast, CLPr did not affect the plasma membrane 
expression of GLUTl (Fig. 3(A)) or tissue lysate GLUT4 
expression (Fig. 3(B)). 

In the same experiment, the plasma glucose level in the 
water— glucose group was significandy higher than that in the 
other groups (Fig. 3(C)). This indicates that pre-administration 
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Fig. 5. Effects of cacao liquor procyanidin (CLPr) on the plasma glucose 
response to an oral carbohydrate load. ICR mice were treated with 50 (■) or 
250 (A) mg/kg body weight CLPr or water (5 ml/kg body weight; (•)). At 60 
min after CLPr administration, the mice in each group were then given an 
oral load (1 g/kg body weight) of glucose (A), soluble starch (B), maltose (C) 
or sucrose (D). Plasma glucose levels were measured at 0, 15, 30, 60 and 
120 min after the carbohydrate load. Values are means, with standard errors 
represented by vertical bars, of triplicate independent experiments consisting 
of three mice per group. 'Mean value was significantly different from the 
corresponding control group (P<0 05; Dunnett's test). 



of CLPr suppressed the acute elevation in plasma glucose, with 
levels similar to that in the control group. Similar results were 
observed for plasma insulin levels as CLPr suppressed hjfper- 
insuUnaemia induced by the glucose load (Fig. 3(D)). Taken 
together, these results indicate that pre-administration of 
CLPr inhibited the hyperglycaemic and h^'perinsuHnaemic 
responses to a glucose load by promoting GLUT4 transloca- 
tion to the plasma membrane of skeletal muscle. 

Effects of consecutive administration of cacao liquor 
procyanidin on GLUT4 translocation and plasma glucose levels 

GLUT4 translocation induced by CLPr was also examined 
in the skeletal muscle of mice treated with 0-5 or 1 % CLPr 
for 7 d. Dietary' supplementation of CLPr did not affect 
food or water intake during the experimental period (data 
not shown). The final body weight of mice was also not 



affected by CLPr, being 2M (se 0-22) g, 21-3 (se 0-26) g 
and 20-7 (se 0-75) g in mice fed 0, 0-5 and 1 % CLPr, respect- 
ively. However, CLPr, particularly at a dose of 0-5 "/o, signifi- 
candy enhanced GLUT4 translocation to the plasma 
membrane of skeletal muscle (Fig. 4(A)) without affecting 
plasma glucose levels (Fig. 4(C)). The expression of GLUTl 
in the plasma membrane (Fig. 4(A)) and GLUT4 in the tissue 
lysate (Fig. 4(B)) was unchanged. 



Effects of cacao liquor procyanidin on plasma glucose 
response to oral ingestion of carbohydrates 

Fig. 5 shows the effect of oral administration of CLPr on the 
plasma glucose response to an oral load of soluble starch, mal- 
tose, sucrose or glucose. Plasma glucose levels in the control 
group (carbohydrate alone) increased in response to oral 
carbohydrate loading, reaching a peak at 15 min (soluble 
starch, maltose and sucrose) or 30 min (glucose), and then 
decreased with time. Following the glucose load, 250 mg/kg 
body weight CLPr significandy suppressed the transient 
increases in plasma glucose levels at 15 and 30 min (P< 
0-05; Fig. 5(A)). The area under the curve of the plasma glu- 
cose levels showed similar results (Table 2), and was signifi- 
candy reduced by 250 mg/kg body weight CLPr. CLPr 
dose-dependendy suppressed the acute elevations in the 
plasma glucose levels after the soluble starch and maltose 
loads (P<0-05; Fig. 5(B, C) and Table 2). On the other 
hand, CLPr tended to decrease the plasma glucose levels in 
sucrose-loaded mice (Fig. 5(D) and Table 2), although not 
significandy. 



Effects of cacao liquor procyanidin on intestinal 
a-glucosidase activity 

OHgomeric procyanidins from grape seed were reported to inhi- 
bit the enzymatic activity of intestinal a-glucosidases, including 
maltase and sucrase in vitnP'^. Therefore, it is possible that a 
similar effect may be responsible for the decreases in postpran- 
dial blood glucose levels as described earlier. Therefore, we 
measured the inhibitory effects of CLPr on a-glucosidase 
activit}' in vivo and in vitro (Table 3). These experiments revealed 
that CLPr did not inhibit maltase or sucrose— isomaltase 



Table 2. Area under the curve (AUG; mmol/lx120 minxlO ^) of plasma glucose level* 

(Mean values with their standard errors of triplicate independent experiments consisting of three mice per group) 



CLPr (mg/kg body weight) 



Control 50 250 



Carbohydrate administered Mean se Mean se Mean se 



Soluble starch 19-8'' 5-6 SV^'" 2-9 S-?" 0-6 

Maltose 42-3'' 9-6 16-1" 2-1 loe" 2-8 

Sucrose 9-7 1-6 7-9 1-3 6-7 4-1 

Glucose 48-1'' 6-5 38-9'''' 9-8 27-6" 2-4 



CLPr, cacao liquor procyanidin. 

*AUC were calculated using the trapezoidal rule from the data presented in Fig. 5. 

'•"Mean values within a row with unlike superscript letters with significantly different (P<0 05; Tukey-Kramer multiple comparison test). 
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Table 3. Effects of cacao liquor procyanidin (CLPr) on a-glucosidase in vivo and in vitro' 
(Mean values with their standard errors; n 3) 



(A) In vivo 

CLPr (mg/kg body weight) 
Water 50 250 



a-Glucosidase Mean se Mean se Mean se 



Activity (nmol/min/mg protein) 
Maltase 2-84 0-60 2-98 0-31 2-58 0-95 

Sucrase-isomaltase 1-59 0-51 1-69 004 1-64 0-44 



(B) In vitro 

CLPr (%) 



Control 001 003 006 0-1 0-15 



a-Glucosidase Mean se Mean se Mean se Mean se Mean se Mean se 



Activity (nmol/min/mg protein) 

Maltase 12-61'' 1-44 908" 0-77 9-22" 0-68 6-90'" 0-74 1-95° 002 2-19= 0-17 

Sucrase-isomaltase 13-40'' 0-43 1003" 1-25 lOOl" 0-23 8-69" 0-30 209° 0-33 2-77° 0-28 



*a-Glucosidase activity was measured in the jejunum of CLPr-treated mice (A) or in the CLPr-treated homogenate of rat intestinal acetone powder (B). 
^•"■'^Mean values within a row with unlike superscript letters were significantly different (P<0 05; Tukey-Kramer multiple comparison test). 



activities in vivo; although it did inhibit these enzymes in a 
dose-dependent manner in vitro (P< 0-05). 

Discussion 

Diabetes mellitus is characterised by chronic hyperglycaemia, 
which is involved in the development of obesity, CVD and 
hypertension''^'^'. Controlling the postprandial blood glucose 
excursions can prevent hyperglycaemia and improve insulin 
resistance'''^-'. As a strategy for preventing and treating h^jper- 
glycaemia, we focused on GLUT, which play important roles 
in glucose homoeostasis by regulating cellular glucose uptake. 
GLUT4 is a major GLUT expressed in skeletal and cardiac 
muscle, and in adipose tissue specifically GLUT4 is respon- 
sible for the uptake of large amounts of glucose into cells fol- 
lowing its translocation from intracellular storage vesicles to 
the plasma membrane in response to insulin stimulation and 
muscle contraction''^^-*. In skeletal muscle, stimulation of glu- 
cose uptake is mosdy attributed to increased translocation 
and redistribution of the GLUT4 to the plasma mem- 
brane'^'''**'. In the present study, we showed that CLPr reduces 
postprandial glucose tolerance by stimulating GLUT4 translo- 
cation to the plasma membrane in cultured L6 myotubes 
in vitro (Figs. 1 and 2) and in murine skeletal muscle in vivo 
(Figs. 3 and 4). Moreover, CLPr prevented postprandial glu- 
cose tolerance following a carbohydrate load (Fig. 5) without 
inhibiting small intestinal a-glucosidase (Table 3). To our 
knowledge, this is the first report showing that CLPr promotes 
GLUT4 translocation in skeletal muscle, although a previous 
report showed that CLPr prevented the development of hyper- 
glycaemia in db/db mice''''-'. Since GLUT4 is a key molecule 
involved in regulating glucose levels, CLPr is an attractive 
and beneficial food material for preventing hjrperglycaemia. 

The most important finding in this study was that CLPr pro- 
moted the translocation of GLUT4 in the absence of insulin in 
L6 myotubes and in skeletal muscle in mice. Moreover, we 



detected an additive effect of CLPr and glucose on GLUT4 
translocation in vivo. These findings indicate that the molecular 
effects of CLPr are independent of insulin. The CLPr used in 
this study contained 4-28% catechins, 6-12% epicatechin and 
7-64 % procyanidins (dimer to tetramer). These compounds 
probably contribute to the enhanced GLUT4 translocation 
because catechins and procyanidins were previously reported to 
suppress hyperglycaemia''^^^'-'. In fact, we previously reported 
that catechins, particularly (— )-epigallocatechin-3-gallate, 
increased glucose uptake and enhanced GLUT4 translocation 
in L6 myotubes and in the skeletal muscle of rodents in vivo 
and ex ww''^'. In 3T3-L1 cells, non-gallate-t}'pe catechins 
increased glucose uptake and GLUT4 translocation, whereas 
gaUate-type catechins inhibited insulin-stimulated glucose 
uptake''''^-*. Similarly, the intake of green and black tea increased 
GLUT4 translocation in skeletal muscle and maintained 
GLUT4 and insulin receptor expression in high-fat diet-fed 
C57BL/6 mice''''^''^^-'. Although the effects of epicatechin and 
catechin on glucose uptake were weaker than those of other cate- 
chins in L6 myotubes'"', a recent report demonstrated that 
epicatechin treatment conferred diabetic mice with a healthier 
and longer lifespan, and also improved skeletal muscle stress out- 
put and AMPKa activity in skeletal muscle'*''. Regarding procya- 
nidins, it was reported that grape-seed proq^anidin extract 
prevented the development of hjiperglycaemia in streptozoto- 
cin-induced diabetic rats and high-fructose diet-induced insulin 
resistance rat''''''''''. Similarly, black soyabean seed extract, which 
also contains abundant procyanidins, also suppressed hjjpergly- 
caemia and obesit}' in high-fat diet-fed C57BL/6 mice'^'. 
In vitro experiments revealed that grape- seed proc^'anidin extract 
also stimulated glucose uptake in 3T3-L1 adipocjites and L6E9 
myotubes''"''"'. In 3T3-L1 adipocytes, the molecular mechan- 
isms seemed to involve phosphorjiation of the insulin receptor 
and phosphorylation of downstream signalling components, 
including Akt, p44/42 and p38 mitogen-activated protein 
kinase'''^''"'. However, the molecular mechanisms by which 
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procyanidins promote GLUT4 translocation are still unclear, 
because the cellular machinery' controUing its translocation in 
muscle cells differs from that in adipose cells''' hideed, 
gallate-type catechins elicited different effects on glucose uptake 
between L6 myotubes and 3T3-L1 adlpoq'tes^''''''*^-', and 
GLUT4 translocation increased in slieletal muscle but decreased 
in adipose tissue of rats fed green tea'-'*''^, Moreover, the compo- 
sition of proqranidins differs between plants, suggesting that the 
functions of the procyanidin-rich plant extracts will differ. 
Regarding the bioavaUabHit}' of procyanidins, several in vivo and 
in vitro studies are reported. For example, catechins and procyani- 
din dimers are detected in human plasma after ingestion of 
cocoa'"''^*^''^'''; free form of procyanidin dimers and trimers were 
detected in rat plasma after oral intake of a grape seed extract''^'^^; 
and procyanidin dimers, trimers and tetramers were transported 
across Caco-2 cells''''^'. Further studies are needed to clarifjr the 
bioavailability and molecular mechanisms underlying the effects 
of CLPr in muscle cells. 

CLPr prevented the transient increase in plasma glucose 
levels after a carbohydrate load. This preventive effect was 
observed not only for glucose loading but also for soluble 
starch and maltose loading. This result suggests that inhibition 
of a-glucosidase is involved in the preventive effects of CLPr 
on hyperglycaemia in vivo. Inhibition of intestinal a-glucosidase 
activity is a well-documented mechanism for the prevention of 
hyperglycaemia. However, our results clearly showed that 
CLPr did not inhibit intestinal a-glucosidase activity in vivo, 
even though it did inhibit the enzyme in vitro. Many reports 
have shown that certain polj'phenols, including anthocyanins, 
catechins, quercetin and luteoUn, can inhibit intestinal 
a-glucosidase activity' in vitro^^^^^^^\ It was also reported that 
rutin inhibited a-glucosidase activity in vivo and in vitro^^^\ 
Meanwhile, Schiifer & Hogger*-'^^-* demonstrated that 
the inhibitorjr effects of oligomeric procyanidins on 
a-glucosidase activity were dependent on their molecular 
weight as tetrameric and hexameric procyanidins were more 
potent inhibitors than dimeric and trimeric procyanidins 
in vitro. However, we previously reported that long-term intake 
of green or black tea suppressed hyperglycaemia by modulat- 
ing the expression and translocation of GLUT4 without inhi- 
bition of a-glucosidase activity^^*-'. Taken together, these 
findings indicate that polyphenols have a potential to prevent 
hyperglycaemia by inhibiting a-glucosidase, although the evi- 
dence in vivo is less convincing. Our present findings provide 
strong evidence to support that CLPr improves glucose toler- 
ance mainly by enhancing GLUT4 translocation and glucose 
uptake in skeletal muscle. 

In conclusion, the results of this study indicate that CLPr 
enhances GLUT4 translocation in muscle cells in vitro and 
in vivo. GLUT4 translocation to the plasma membrane will 
facilitate glucose uptake and improve postprandial glucose tol- 
erance. Therefore, CLPr offers a beneficial food for the pre- 
vention of hyperglycaemia and potentially diabetes meUitus. 
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